Introduction {#sec1}
============

Nanocomposite^[@ref1]^ thin films composed of metal and metal carbide nanoparticles in a carbon matrix have a wide application profile ranging from metallurgical hard coatings,^[@ref2],[@ref3]^ magnetics,^[@ref4],[@ref5]^ and sensing,^[@ref6],[@ref7]^ to energy storage and conversion.^[@ref8]−[@ref10]^

Substantial efforts in nonequilibrium deposition techniques,^[@ref11]^ such as sputter deposition, have enabled the controllable fabrication of nanocomposite thin films with thermodynamically *metastable* filler phases, such as metastable carbides (e.g., Ni~3~C).^[@ref6],[@ref12]−[@ref25]^ These metastable filler phases can provide novel functionalities and are hard to obtain in a scalable manner with other deposition techniques. Also bottom-up self-organized nanoscale structuring of filler and matrix phases has been realized.^[@ref26]−[@ref30]^

After the initial nonequilibrium deposition, metastable nanocomposite films are however commonly subjected to elevated temperatures during postdeposition treatments, device integration, and operation. The elevated temperatures can thereby enforce thermal equilibrium conditions onto the initially metastable structure of the nanocomposite. An understanding of the dynamic evolution of metastable nanocomposites under thermal equilibrium processing conditions remains however elusive.^[@ref6],[@ref12],[@ref13],[@ref28],[@ref31]^ This is due to only ex situ measurements being available to infer the mechanisms, while direct in situ characterization *during* the thermally induced phase evolution of the nanocomposites remains largely lacking. Such an understanding is however key to rationally engineer nanocomposites across their entire application spectrum.

To address this, we here employ complementary in situ characterization of nanocomposite thin films of nanostructured metastable^[@ref32]−[@ref34]^ nickel carbide (Ni~3~C) nanocrystals in an amorphous carbon (a-C) matrix^[@ref23]^*during* thermal postdeposition processing via a combination of in situ X-ray diffractometry (XRD), in situ Raman spectroscopy, and in situ X-ray photoelectron spectroscopy (XPS). Ni--carbon nanocomposites are chosen as an archetypical model system for filler metals with a medium carbon affinity (i.e., metastable carbide formers),^[@ref11]^ a class of nanocomposites which further extends to other important materials combinations such as Co--carbon and Fe--carbon nanocomposites.^[@ref11],[@ref22],[@ref31]^ Our complementary in situ characterization thereby yields direct insights into the thermally induced phase evolution and dynamics in such metastable nanocomposite films.

We find that the room temperature deposited Ni~3~C nanocrystals in the a-C matrix isothermally decompose already around ∼300 °C to face-centered-cubic (fcc) Ni nanocrystals, that are saturated with interstitially dissolved carbon (termed Ni(-C)), and amorphous carbon, which adds further carbon to the surrounding a-C matrix. In contrast to the low temperature of isothermal Ni~3~C decomposition, we find that significant Ni-catalyzed graphitization of the amorphous carbon matrix during heating ramps and isothermal annealing only sets in at higher temperatures (∼400 °C and above), clearly confirming that Ni~3~C decomposition and Ni-catalyzed graphitization are separate processes. Linked with the Ni-catalyzed graphitization, bulk-diffusion-mediated phase separation into coarse Ni and graphite grains also occurs only at higher temperatures. Thus, our findings demonstrate that filler phase transformations and nanocomposite morphology modifications can be decoupled, which is highly desirable from a manufacturing point of view. Upon natural cooling of the annealed nanocomposites, only minimal precipitation of deleterious additional carbon from the carbon saturated Ni crystallites is observed even for high temperature treatments. This implies that even for highly carbon saturated systems precipitation upon cooling can be kinetically quenched. Our findings demonstrate that the high carbon content of the Ni filler crystallites at all stages of processing is a hallmark feature of metal--carbon nanocomposites. Our study provides a framework for the optimization of film microstructure and functionality of metal (carbide)/carbon nanocomposites, which is crucial to their many envisaged applications.

In a wider context, our study also contributes to the elucidation of the recently debated role of Ni~3~C as a possible intermediate bulk catalyst phase in Ni-catalyzed graphene^[@ref35]−[@ref44]^ and carbon nanotube (CNT)^[@ref45]−[@ref60]^ growth. Taking our Ni~3~C/a-C nanocomposites as a model system for graphitization from Ni~3~C, our in situ derived findings suggest that fcc Ni with interstitial carbon dissolved (Ni(-C)), rather than bulk Ni~3~C, is the active catalyst phase during graphitic nanostructure growth under typical chemical vapor deposition (CVD) conditions.

Methods {#sec2}
=======

We deposit nanocomposite thin films (∼260 nm film thickness) of metastable Ni~3~C nanoparticles in an a-C matrix in a two target (nickel, carbon) ionized magnetron sputter deposition system.^[@ref23],[@ref61],[@ref62]^ No intentional substrate heating is applied, leaving the employed sapphire substrates at temperatures less than 120 °C (maximum temperature due to plasma heating). To induce deposition of the metastable Ni~3~C phase, a negative bias of −150 V is applied to the substrate holder during deposition.^[@ref23]^ The composition of the films obtained is ∼70 atom % C and ∼30 atom % Ni. Following deposition and sample transport in air, the as-deposited Ni~3~C/a-C films are subjected to annealing treatments up to 800 °C in a vacuum (∼10^--5^ mbar) while concurrently measuring in situ X-ray diffraction (XRD, X-ray wavelength 0.1078 nm), in situ Raman spectroscopy (excitation wavelength 532 nm), and in situ X-ray photoelectron spectroscopy (XPS). Subsequently samples are left to cool naturally (∼100 °C/min initial cooling rate) to room temperature (RT). Complementary ex situ characterization is performed using cross-sectional transmission electron microscopy (TEM), selected area electron diffraction (SAED),^[@ref63]^ and plan-view scanning electron microscopy (SEM) as well as ex situ XRD and Raman spectroscopy. Further details of the experimental methods are included in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf).

We note that it is notoriously difficult to assign the carbon-containing Ni~3~C (space group *R*3̅*c*) with certainty when there is the possibility of the largely isostructural carbon-free hexagonally closed packed (hcp) Ni phase (space group *P*6~3~/*mmc*) also being present.^[@ref24],[@ref64]−[@ref66]^ This difficulty arises since both phases consist of an hcp Ni (sub)lattice, which in the case of Ni~3~C has an ordered sublattice of interstitial carbon added.^[@ref64]^ The additional ordered interstitial carbon does however only slightly change the resulting diffraction patterns, which is why SAED and XRD routinely exhibit difficulties in assigning either phase with certainty.^[@ref24],[@ref64],[@ref65]^ This picture is further complicated since recent reports^[@ref24],[@ref64]^ suggested the formation of carbon-containing hcp Ni (termed hcp NiC~*y*~) which differs from Ni~3~C only in terms of decreased interstitial carbon ordering; i.e., hcp NiC~*y*~ is a disordered form of Ni~3~C. We discuss details of our phase assignment to Ni~3~C in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf). We note however that our general usage of the terms nickel carbide and Ni~3~C in this study not only includes fully ordered Ni~3~C but also encompasses disordered forms of Ni~3~C, approaching the recently suggested^[@ref24],[@ref64]^ hcp NiC~*y*~ form (i.e., hcp Ni sublattice including disordered interstitial carbon).

Results {#sec3}
=======

We start by describing the structure and morphology of the films throughout the thermal processing based on ex situ characterization and then link this to the dedicated in situ experimentation in order to reveal the mechanisms and dynamics of the underlying processes.

Ex Situ Characterization {#sec3.1}
------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows ex situ TEM bright field images of cross sections of the Ni~3~C/a-C films in their as-deposited state, and after annealing at 300 and 800 °C, alongside the corresponding SAED patterns in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The corresponding plan-view SEM images and Raman spectra are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [2](#fig2){ref-type="fig"}b, respectively. The samples were annealed in a vacuum by global heating on a resistive heater.

![(a) Cross-sectional bright field TEM micrographs of Ni--carbon nanocomposites in as-deposited state (bottom) and after anneals at 300 (middle) and 800 °C (top). (b) SAED patterns corresponding to (a). The overlays show extracted radially integrated SAED profiles^[@ref63]^ with the identified phases indexed. Note that in the SAED pattern of the as-deposited film additional possible Ni~3~C(104) reflections^[@ref24],[@ref64],[@ref65]^ are indicated (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf) for a comment on Ni~3~C phase assignment). Estimated uncertainty in temperature for the ex situ anneals is ±10 °C.](jp-2016-01555r_0002){#fig1}

![(a) SEM micrographs (plan view) of the Ni--carbon nanocomposite surface in as-deposited state (bottom) and after anneals at 300 (middle) and 800 °C (top), corresponding to [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. (b) Ex situ Raman spectra of Ni--carbon nanocomposites in as-deposited state (bottom) and after anneals at 300 (middle) and 800 °C (top), corresponding to (a) and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The intensities of the as-deposited and 300 °C spectra have been multiplied by the indicated values to improve readability.](jp-2016-01555r_0003){#fig2}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows that the as-deposited films exhibit a columnar grain structure with dark contrast grains that are elongated perpendicular to the substrate surface (average grain sizes: long axis perpendicular to substrate surface, 88 ± 44 nm; short axis parallel to substrate surface, 20 ± 8 nm) and that are embedded in a matrix of lighter contrast, which is finely dispersed between the dark contrast grains. On the basis of the SAED, we identify the dark contrast grains as Ni~3~C (reflections indexed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, see also [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf) for discussion of Ni~3~C assignment)^[@ref24],[@ref64]−[@ref66]^ and the finely dispersed light contrast matrix as a-C (based on the absence of a strong graphitic reflection in the SAED in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The top surface of the as-deposited films appears smooth in the TEM cross section which aligns well with the largely featureless SEM image in plan view ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). In keeping with our indirect SAED assignment of the matrix to a-C, the Raman spectrum in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows a very low intensity peak representing a merged D and G band and no signal in the 2D region, both indicative of highly disordered carbon.^[@ref67]^

Upon annealing at 300 °C and subsequent cooling in the vacuum the cross-sectional grain structure of columnar metal-containing grains in a finely dispersed amorphous carbon matrix is preserved ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Only some increase in the average dark contrast grain size perpendicular to the substrate occurs (long axis perpendicular to substrate, 105 ± 63 nm; short axis parallel to substrate, 29 ± 10 nm), indicating that dark contrast grains start to merge in the direction perpendicular to the substrate. Likewise, only very limited roughening of the film surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) is observed. While the overall change in film morphology is limited, the corresponding SAED pattern indicates a drastic change in the dark contrast Ni-containing phase from Ni~3~C to fcc Ni ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Concurrently, we find only a small increase in the carbon ordering, indicated by the only small increase in overall Raman intensity and the still strongly overlapping D and G peaks as well as the lack of a 2D peak ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).^[@ref20],[@ref67]^ Correspondingly, in the SAED ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) a pronounced graphitic peak remains absent for the 300 °C annealed films, confirming a still largely amorphous carbon matrix.

Further annealing at 800 °C (and subsequent cooling) leads to a drastic change in film morphology. TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and SAED ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) show that pronounced phase separation into coarse and more isotropically shaped dark contrast metallic fcc Ni grains (isometric grain size, 83 ± 42 nm) and coarse carbon grains (isometric grain size, 60 ± 33 nm) occurs. The as-deposited columnar grain structure of fine-grained metallic filler and interdispersed a-C matrix is thereby destroyed. The appearance of a strong graphitic reflection in SAED ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) indicates that significant ordering of the carbon toward a graphitic structure has occurred. A graphitic interlayer distance of ∼0.35 nm is estimated from the SAED pattern, which is consistent with nanocrystalline graphite with partly turbostratic layer stacking. From the cross-sectional TEM we further find that graphitic domains form largely toward the top surface of the film. This corresponds well with the dark contrast patches apparent in SEM which we ascribe to graphitic grains ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The graphitization is also well reflected in the corresponding Raman spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) which for the 800 °C sample shows intense and well-separated D and G peaks, as well as the appearance of a 2D signal. This confirms the formation of nanocrystalline graphite,^[@ref31],[@ref67],[@ref68]^ where we estimate from the ratio of the D to G peak intensities a lower bound for the in-plane-ordering size of ∼6.5 nm.^[@ref67]^ The drastic change in structure *and* morphology of the nanocomposite indicates that significant bulk diffusion has occurred in the Ni--carbon system during the high temperature annealing.

Our ex situ observations so far indicate three major processes that occur upon the heat treatments: (1) At 300 °C the filler phase transforms from Ni~3~C to fcc Ni. (2) At annealing temperatures greater than 300 °C the graphitization of a-C to nanocrystalline graphite sets in. (3) Ni grain growth and thus destruction of the fine-grained nanocomposite morphology occurs. While graphitization and Ni grain growth appear linked, the Ni~3~C decomposition (to fcc Ni and a-C) at 300 °C did not influence the fine-grained morphology of the as-deposited nanocomposite. This indicates that phase transformations and film morphology modifications can be decoupled in such nanocomposite systems.

The ex situ characterization in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} is however limited to the "cold" postprocessing state of the nanocomposites, and thus cannot directly elucidate the state of the material while the phase transformations and morphology changes are actually occurring at elevated temperature. Therefore, important aspects such as whether the phase transformations proceed during heating ramps, isothermally at temperature, or are a result of subsequent cooling remain unknown.^[@ref6],[@ref69]−[@ref75]^ Also, ex situ characterization can only indirectly imply the temperature regimes and time scales over which the observed processes proceed. To reveal such dynamics, we now link our ex situ observations above to dedicated in situ characterization.

In Situ XRD {#sec3.2}
-----------

We first investigate the structural evolution of the Ni~3~C/a-C nanocomposites using a previously described in situ XRD system,^[@ref76]−[@ref79]^ in which the Ni~3~C/a-C nanocomposite samples are globally heated by a resistive heater (as in our ex situ annealing above). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows a series of in situ X-ray diffractograms acquired at salient stages during the vacuum annealing of an as-deposited Ni~3~C/a-C nanocomposite. As deposited we find a diffraction pattern corresponding to essentially phase pure Ni~3~C (see also [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf) for a comment on assignment/definition of Ni~3~C).^[@ref24],[@ref64]−[@ref66]^ With heating this pattern transforms to show the reflections of fcc Ni. We extract the corresponding phase fractions of Ni~3~C and fcc Ni by Rietveld refinement and plot the evolution of the phase fraction in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. In agreement with our ex situ observations above, we find the onset of the Ni~3~C → fcc Ni transformation at 300 °C. The inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows how this phase transformation proceeds with time, indicating a phase transformation from Ni~3~C to fcc Ni over a time scale of tens of minutes at 300 °C. Upon further annealing to temperatures higher than 300 °C and up to 800 °C, the fcc Ni remains the only observed phase. Also after natural cooling from 800 °C to room temperature, fcc Ni remains the only detected phase. After cooling we find from Rietveld refinement that the fcc Ni lattice constant is 0.35255 ± 0.00005 nm, which corresponds^[@ref32]^ to a carbon content of 0.19 ± 0.07 atom % in the Ni. This carbon content is significantly higher than the equilibrium carbon content expected for Ni at room temperature of \<0.01 atom %^[@ref32],[@ref80]^ and instead corresponds to the expected equilibrium carbon content in Ni for temperatures between 580 and 690 °C.^[@ref80]^ This observation thus indicates that the cooled fcc Ni particles still contain a relatively large amount of carbon interstitially dissolved within them; i.e., the Ni particles are a solid solution of carbon interstitially dissolved in fcc Ni (here termed Ni(-C)).

![(a) In situ XRD patterns (X-ray wavelength 0.1078 nm) showing temperature and time-resolved evolution of the structure of the Ni--carbon nanocomposites (from bottom to top). The step at ∼18° is related to the arrangement of detector and X-ray entrance/exit slits into the reaction chamber. The small peak at 26.2° is related to the sapphire substrate. We note that reflection positions shift throughout temperature dependent scans due to thermal expansion. (b) Phase abundance of Ni~3~C and fcc Ni as a function of annealing temperature, extracted from the in situ data in (a) via Rietveld refinement. Only Ni and Ni~3~C were included in the abundance quantification, while graphite was not detectable in the XRD data (see main text) and therefore not included in the abundance estimation. The inset shows the evolution of the phase abundance of Ni~3~C and fcc Ni as a function of annealing time at 300 °C. Note that based on qualitative phase identification fcc Ni is absent for as-deposited films and annealed films up to 250 °C. As an upper bound of fcc Ni content that could be "hidden" in the signal noise, quantitative Rietveld refinement indicates a maximum of \<7 wt %. Estimated uncertainty in temperature for the in situ XRD measurements is ±40 °C.](jp-2016-01555r_0004){#fig3}

We note that we do not observe the appearance of any Bragg peak associated with graphite in the XRD data (neither during annealing nor upon natural cooling). In contrast, for the same processing temperatures the ex situ analysis clearly shows the formation of nanocrystalline graphitic grains via SAED ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) and Raman spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). SAED and Raman spectroscopy are known to be more sensitive toward the presence of smaller ordered graphitic regions compared to XRD, which is only sensitive to larger ordered regions.^[@ref6],[@ref81]^ Therefore, the lack of a graphitic signal in XRD ("XRD-amorphous" structure of carbon matrix; also confirmed by ex situ XRD of the same ex situ 800 °C annealed sample from [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}) reaffirms that the carbon matrix is composed of small nanometer-sized grains even after 800 °C annealing. Due to this XRD-amorphous nature of the nanocrystalline graphite, our in situ XRD measurements cannot, however, answer the important question of whether the formation of the nanocrystalline graphite occurs during the initial heating ramp, isothermally, or upon cooling. All these scenarios have been previously suggested in the literature as possible graphite formation pathways for Ni--carbon systems.^[@ref6],[@ref69]−[@ref75]^ To clarify this point, we now turn to in situ Raman spectroscopy in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, which provides higher sensitivity toward smaller scale carbon ordering during the thermal processing.

![(a) Typical in situ Raman spectroscopy data set showing the evolution of the carbon-related Raman bands as a function of stepwise increases in incident laser power (normalized Raman intensity false-colored surface map with *x*-axis showing Raman shift, *y*-axis showing time, and *z*-axis showing normalized Raman intensity; an additional false-colored surface projection of normalized Raman intensity is projected onto the *xy*-plane \[top of graph\]; the *yz*-plane shows the stepwise increased incident laser power as a function of time). (b) Time evolution of the normalized G peak intensity (extracted from (a)) as a function of the stepwise increases in incident laser power. (c) Time-averaged Raman spectra as a function of applied laser power. Averaging was performed over the time-resolved Raman spectra in (a) at constant incident laser power steps. Spectra are offset for clarity. (d) G peak width and *I*(D)/*I*(G) and *I*(2D)/*I*(G) intensity ratios as a function of applied laser power, extracted from the Raman spectra in (c). For a comment on temperature estimations, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf). Estimated uncertainty in temperature for the in situ Raman measurements is ±50 °C.](jp-2016-01555r_0005){#fig4}

In Situ Raman Spectroscopy {#sec3.3}
--------------------------

We use a previously described in situ Raman spectroscopy setup^[@ref82],[@ref83]^ in which the Raman probe laser (532 nm) is simultaneously used for highly localized sample heating and sensing (optical spot size ∼1 μm). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the data from a typical in situ experiment where the laser power is increased stepwise while measuring time-resolved Raman spectra at a fixed position on the Ni--carbon nanocomposite film. Note that in this setup with increasing laser power not only the temperature of the sampled area but also the intensity of the acquired Raman spectra increases. In order to remove this influence of increasing signal intensity related to increased laser power, only the *normalized* Raman intensity is plotted here, where the measured Raman raw intensity has been divided by the incident laser power.

We estimate the local temperature from the in situ laser heating via calibration against ex situ annealed samples (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf)): For a laser power of 15 mW, heating of the sample is found to be negligible. Temperatures of ∼300 °C for 35 mW and of ∼700 °C for 85 mW are estimated, respectively, with a linear relationship between temperature and applied laser power.^[@ref83],[@ref84]^ We note that at higher laser powers of \>75 mW the background in the spectra also develops a contribution due to thermal blackbody radiation,^[@ref85]^ although we find that the blackbody signal is insufficient in intensity to reliably estimate local temperatures from it.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that, in agreement with our ex situ data, the as-deposited nanocomposite film initially shows a low intensity, merged D and G band and no 2D signal, consistent with the initially present a-C.^[@ref67]^ When increasing the laser power (and thus local heating temperature) we find that gradually the D and G bands become more intense and narrower and their overlap reduces. Concurrently, a 2D signal emerges (starting at 55 mW). This is consistent with graphitization in the sample from a-C toward nanocrystalline graphite.^[@ref67]^

To quantify the temporal dynamics of this process, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b follows the time evolution of the G peak intensity (*I*(G)) as a function of the stepwise increases in laser heating. For laser powers of up to 35 mW (∼300 °C) we find a roughly constant *I*(G) with time. This confirms that graphitic ordering for anneals up to 300 °C is minor. Increasing the laser power from 35 to 55 mW (corresponding to ∼470 °C) results in an immediate sharp increase in *I*(G) followed by a continuous gradual increase in *I*(G) with time. These observations imply that graphitization occurs during the initial rapid heating ramp and then further continues isothermally. We find similarly sharp increases in *I*(G) with stepwise laser power increases, followed by a gradual increase in *I*(G) with time, also for other power steps up to 85 mW. The variation in magnitude of these sharp *I*(G) increases for different laser powers may relate to the Ni--carbon system crossing activation energy thresholds during particular power steps (e.g., the step from 35 (∼300 °C) to 55 mW (∼470 °C) may be related to a completed transition from Ni~3~C to fcc Ni). We emphasize that (unlike the ex situ measurements above) these Raman measurements are taken in situ *on the hot sample*, i.e. without any intermediate cooling. Therefore, the observed evolution of the Raman signature from a-C toward nanocrystalline graphite *during* annealing clearly confirms that in these nanocomposites graphitization occurs during heating ramps and isothermal annealing, rather than solely by precipitation on cooling.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c plots time-averaged spectra for each laser power (i.e., averaging over the isothermal increase in signal), which improves the signal-to-noise ratio. Extracted from these averaged spectra, we quantify the G peak width, and the intensity ratios of *I*(D)/*I*(G) and *I*(2D)/*I*(G) as a function of incident laser power in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. This confirms that with increasing temperature the G peak generally narrows and the *I*(2D)/*I*(G) ratio increases while the *I*(D)/*I*(G) ratio concurrently decreases, again consistent with graphitization from a-C toward nanocrystalline graphite.^[@ref67]^

Upon cooling (i.e., after the laser power is reduced from 85 to 5 mW) we find an only a minor increase (\<10%) in the G peak normalized intensity *I*(G) as well as an increase in the *I*(D)/*I*(G) ratio. This indicates that at most only a small amount of disordered carbon can have precipitated out of the Ni particles upon cooling, directed toward the buried Ni filler/carbon matrix interface and/or toward the sample surface. To further elucidate such changes on the nanocomposite's (sub)surface, we finally employ in situ XPS.

In Situ XPS {#sec3.4}
-----------

XPS provides (sub)surface sensitive chemical information (total information depth at the applied excitation energy is estimated to ∼3.6 nm), which is complementary to the "bulk"-sensitive XRD (estimated information depth of ∼200 nm) and Raman spectroscopy (information depth for such nanocomposite films typically estimated at ∼100 nm^[@ref81]^). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows in situ XP spectra of the C 1s ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and Ni 2p ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) core level evolution of a Ni~3~C/a-C nanocomposite film during salient stages of vacuum annealing, where global back-side heating is used in the in situ XPS chamber,^[@ref86],[@ref87]^ similar to our ex situ preparations and the in situ XRD. We first assign the observed XPS peaks based on comparison to literature (see also [Supporting Information Table 1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf)) before describing the observed evolution of surface chemistry upon annealing.

![In situ XP spectra of the (a) C 1s and (b) Ni 2p regions as a function of vacuum annealing temperature (from bottom to top). Estimated uncertainty in temperature for the in situ XPS measurements is ±40 °C.](jp-2016-01555r_0006){#fig5}

The C 1s spectrum of the as-loaded film (i.e., as-deposited film after air exposure prior to XPS measurements) has a majority component at a binding energy (BE) of 284.9 eV, which we assign to disordered carbon (with a certain fraction of sp^3^-like bonding)^[@ref88],[@ref89]^ followed by a lower intensity component at 284.4 eV which we attribute to sp^2^ bonded carbon.^[@ref88],[@ref89]^ A minor component is at 283.7 eV, which has been previously ascribed to a solid solution of carbon interstitially dissolved in metallic Ni^[@ref88]^ (here termed Ni(-C), where the comparably high BE indicates significant carbon dissolution) but also to Ni~3~C.^[@ref90]^ The reported BEs of Ni~3~C however vary in the literature: Notably another minority component in our C 1s data lies at a very low BE of 283.0 eV, which also has been previously assigned to crystalline Ni~3~C.^[@ref19]^ (We note that the monolayer thin carbide Ni~2~C surface reconstruction on Ni(111) has also been reported but at a slightly higher binding energy of 283.2 eV.^[@ref91]^) We find that the presence of this low energy peak at 283.0 eV correlates well with the presence of crystalline Ni~3~C signatures in TEM/SAED and XRD data of our as-deposited films and upon heating (see below). At higher BEs one further C 1s minority component in the as-deposited films is located at 285.5 eV, which is a signature of adventitious carbon adsorbates from sample storage in ambient air.^[@ref92],[@ref93]^

The corresponding Ni 2p spectrum of the as-loaded film shows peaks corresponding to an oxidized Ni surface (minor component at 854.4 eV and peaks with BE \> 855 eV in Ni 2p),^[@ref94]^ which is consistent with the sample having been stored in ambient air prior to loading into the in situ XPS system.^[@ref19]^ The nonoxide majority Ni 2p component in the as-loaded films is at 853.4 eV, which is close to literature assignments of Ni with carbon interstitially dissolved (Ni(-C))^[@ref88]^ but is also consistent with previously reported BEs for Ni~3~C.^[@ref21],[@ref22],[@ref90]^ Another smaller Ni 2p component in the as-loaded sample is at 852.4 eV, which is commonly attributed to metallic Ni.^[@ref88]^

Based on our assignments, we conclude that the as-loaded sample surface exhibits signs of Ni~3~C (C 1s, 283.0 eV, and/or 283.7 eV/Ni 2p, 853.4 eV) and a substoichiometric Ni(-C) solid solution (283.7 eV/853.4 eV). A combination of these C 1s signatures is commonly found for XP spectra of Ni~3~C/a-C nanocomposites, even when only Ni~3~C crystals are observed in TEM/SAED or XRD (as is also the case here).^[@ref19]^ A mixture of disordered sp^3^-like (284.9 eV) and sp^2^ (284.4 eV) carbon is further found in the as-loaded samples, which is consistent with the a-C matrix observed in TEM/SAED and Raman spectroscopy. The as-loaded spectra further indicate that upon sample storage in air surface oxidation has occurred. This presumably proceeds via the decomposition of an initially present Ni~3~C surface, resulting in an mixture of some oxidized Ni (854.4 eV and \>855 eV), some metallic Ni (852.4 eV), and some of the observed a-C.^[@ref95]^ Adventitious carbon adsorption (285.5 eV) onto the sample surface from storage in ambient air further complicates the surface chemistry in the as-loaded sample.

We now turn to the thermal evolution of the surface chemistry upon vacuum annealing: When heating to 150 °C, the Ni oxides reduce (decrease of 854.4 eV and \>855 eV components) and a corresponding small increase in metallic Ni is observed (852.4 eV). The Ni 2p now predominantly shows the presence of Ni~3~C/Ni(--C) (853.4 eV) accompanied by a small amount of metallic Ni (852.4 eV). The C 1s signatures do not show significant changes when heating from room temperature to 150 °C.

Increasing the annealing temperature further to 300 °C (which is the Ni~3~C decomposition temperature estimated from in situ XRD and TEM above) leads however to a drastic change in both the Ni 2p and C 1s signatures: The Ni~3~C/Ni(--C) component in the Ni 2p (853.4 eV) significantly reduces in relative intensity (but does not vanish), while the metallic Ni component (852.4 eV) increases, yielding now roughly a 1:1 ratio of Ni~3~C/Ni(--C) and metallic Ni intensities. Importantly, the 283.0 eV component in the C 1s concurrently disappears, suggesting that Ni~3~C decomposes. The in situ XPS data therefore corroborates isothermal decomposition of Ni~3~C (reduction of 853.4 eV Ni 2p and vanishing 283.0 eV C 1s) and suggests that this decomposition results in a mixture of metallic Ni (increasing 852.4 eV Ni 2p) and Ni that still has a significant fraction of carbon interstitially dissolved (Ni(-C), nonvanishing intensity at 853.4 eV in Ni 2p and 283.7 eV in C 1s). Concomitantly, the disordered sp^3^-like carbon component (284.9 eV which was the predominant C 1s signal in the as-loaded sample) reduces in relative intensity while the sp^2^ component (284.4 eV) increases and becomes the new majority component. This is a first sign of graphitization.^[@ref89]^ This XPS result at 300 °C implies a lower onset temperature of graphitization compared to the Raman data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} above. XPS is however more sensitive to changes in local bonding environments (e.g., small disconnected regions transitioning from disordered carbon to sp^2^) while being less sensitive to the spatial extents of this bonding. In contrast, Raman spectroscopy is more suitable for probing the contiguous nature, i.e. crystallite size, of the bonded carbon.^[@ref96]^ Therefore, the combination of in situ XPS and in situ Raman spectroscopy indicates that at 300 °C a transition of disordered carbon to sp^2^ bonding starts, but that the spatial extents of the formed sp^2^ regions remain very small.

Upon further increasing the annealing temperature to 550 °C and then 700 °C, a further reduction of the disordered carbon component and increase of the sp^2^ component in the C 1s is consistent with the emergence and growth of the 2D Raman peak and the corresponding decrease in *I*(D)/*I*(G) ratio ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). This shows that in this higher annealing temperature region (550 °C and above) spatially extended sp^2^-bonded graphitic regions are isothermally formed. (Further note that from 300 to 550 °C the 285.5 eV component also disappears, which is indicative of the removal of adventitious carbon contamination. A minor residual Ni oxide component at 854.4 eV remains throughout the experiment.) In contrast to the clear signs of graphitization observed in the C 1s, the Ni 2p fingerprint does not show significant further evolution with increasing temperatures from 300 to 700 °C, implying that the chemical state of the mixture of metallic Ni and a Ni(--C) solid solution on the sample (sub)surface remains largely unchanged for annealing temperatures greater than 300 °C.

Upon natural cooling in the vacuum neither the C 1s nor the Ni 2p fingerprint changes significantly. In particular, the intensity of the C 1s peak immediately after cooling is not higher than the C 1s intensity at 700 °C immediately before cooling. This indicates that no significant amount of carbon precipitation to the sample surface has occurred upon natural cooling. This lack of additional carbon signal in the XPS data implies that the small increases in *I*(G) and *I*(D)/*I*(G) ratio seen in the in situ Raman data upon cooling ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d) do not relate to significant global precipitation of graphitic material to the sample surface. Instead, given the surface sensitivity of XPS compared to the more bulk-sensitive Raman spectroscopy,^[@ref20]^ it is suggested that upon natural cooling a small amount of deleterious carbon precipitates from the oversaturated Ni(-C) particles but remains localized at the direct Ni(-C)/carbon matrix interface while the surface of the nanocomposite films is not strongly modified by carbon precipitation upon cooling. The conclusion that the amount of carbon precipitation is small is also corroborated by the preservation of the comparatively high Ni(-C) signal in the cooled films (853.4 eV Ni 2p/283.7 eV C 1s) which implies that after natural cooling a significant amount of carbon is still interstitially dissolved in the Ni(-C) crystallites. This is also in good agreement with the comparably high carbon content of 0.19 ± 0.07 atom % in the Ni after natural cooling, as estimated from the in situ XRD data above.

Discussion {#sec4}
==========

Evolution of Nickel (Carbide)/Carbon Nanocomposites {#sec4.1}
---------------------------------------------------

Based on our experimental results we now present a coherent model of thermally induced effects on metastable Ni carbide/a-C nanocomposites and contextualize the findings with respect to prior literature. See [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} for a schematic illustration of the salient stages of this model.

![Schematic sketch illustrating the morphological and structural evolution of the Ni--carbon nanocomposites during thermal annealing, as derived from our in situ study.](jp-2016-01555r_0007){#fig6}

Our as-deposited films show a structure of columnar metastable Ni~3~C crystals embedded in an a-C matrix. This morphology and its metastable nature are related to an interplay of repeated nucleation events and the dominance of surface diffusion effects during the nonequilibrium sputter deposition at room temperature, where bulk diffusion is considered to be negligible during film deposition.^[@ref22],[@ref31],[@ref97]^ During the postdeposition heating studied here, the metastable system moves toward thermal equilibrium at elevated temperatures which enables several reaction pathways to become activated, including bulk-diffusion related mechanisms.

First, the as-deposited metastable Ni~3~C nanocrystallites in the a-C matrix isothermally decompose with a reaction onset temperature of ∼300 °C, whereby metallic fcc Ni with interstitially dissolved carbon (Ni(-C)) is formed. At 300 °C the Ni(--C) is however oversaturated with carbon as the initial carbon content of Ni~3~C is 25 atom % while fcc Ni at 300 °C has a maximum carbon solubility of ∼0.01 atom %.^[@ref32],[@ref80]^ Thus, concurrent to the Ni~3~C to fcc Ni(-C) transformation, carbon is partially expelled by diffusion from the Ni(-C) particles due to the strong carbon oversaturation. At a low temperature of 300 °C, we find that the expelled carbon cannot, however, rearrange into graphitic domains over the time scales considered but instead adds to the already present amorphous carbon matrix. This is consistent with recent ex situ work on decomposition and carbon shell formation for isolated, pure Ni~3~C nanocrystals.^[@ref35],[@ref65],[@ref98]^ Thus, the overall isothermal Ni~3~C decomposition at 300 °C may be described by the two concurrent processes of a solid state phase transition coupled with a partial phase separation:where Ni(-C) symbolizes a solid solution of carbon in fcc Ni. The expelled *y* a-C adds to the already initially present a-C matrix. Exact values for *x* and *y* remain unknown.

Concomitant grain growth of the Ni-based filler crystallites is observed to be very limited at 300 °C at the time scales considered. Therefore, annealing at 300 °C leaves the overall morphology of the nanocomposite thin films largely unchanged while only changing the crystallographic phase of the filler material. This shows that phase transformations and film morphology modifications can be decoupled in metastable nanocomposite films, which is highly desirable from a manufacturing perspective: For instance, our findings suggest that magnetic properties of the nanocomposites could be controlled without modification of the nanocomposite morphology since fcc Ni is ferromagnetic or superparamagnetic depending on particle size while Ni~3~C is in principle nonferromagnetic.^[@ref12],[@ref21],[@ref99]^

Comparing to the wider literature, our observed decomposition of the a-C embedded Ni~3~C nanocrystallites at 300 °C on a tens of minutes time scale is faster than previously reported hour-long conversion processes at ∼300 °C for pure Ni~3~C crystallites.^[@ref65],[@ref100],[@ref101]^ It is also lower in temperature compared to other reports which observed \>400 °C decomposition temperatures for pure isolated Ni~3~C crystals.^[@ref35],[@ref102]^ This may be related to a lower degree of order in our sputter-deposited Ni~3~C crystals,^[@ref103]^ in particular in terms of the degree of order in the carbon sublattice within the hcp Ni parent phase. Thus, the state of the as-deposited Ni carbide used here may also be described as the recently suggested Ni carbide form hcp NiC~*y*~, which is comprised of a hcp Ni sublattice and a somewhat disordered interstitial carbon sublattice.^[@ref24]^ (See also the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf) for a comment on Ni~3~C assignment/definition used here.^[@ref24],[@ref64]−[@ref66]^) We note that this could be a generic feature of similarly sputter-deposited nickel carbide/a-C nanocomposites, where commonly nickel carbide decomposition temperatures of around 300--400 °C are reported.^[@ref6],[@ref12],[@ref13],[@ref28]^ The observed time dependence of isothermal decomposition at 300 °C for our films (inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) can be fitted with the semiempirical Johnson--Mehl--Avrami--Kolmogorov (JMAK) equation,^[@ref104]^ wherefrom we estimate a maximum reaction rate^[@ref105]^ of *r*~max~ = 1/*t*~0.5~ ∼ 0.12%/s at 300 °C and an Avrami exponent *n* in the range 2.5--4.1. The physical meaning of Avrami exponents for systems with complex concurrent reactions as in our system, where a solid state transition (Ni~3~C → fcc Ni(-C~*x+y*~)) is coupled with a phase separation (fcc Ni(-C~*x*+*y*~) → fcc Ni(-C~*x*~) + *y* a-C)), remains however under debate and Avrami coefficients alone are therefore normally not sufficient to robustly determine microscopic nucleation and growth mechanics.^[@ref104]^

While annealing at 300 °C is sufficient to transform the initially present Ni~3~C nanocrystallites into fcc Ni(-C), only when the temperature is further increased (stepwise up to 800 °C) do two further major processes become thermally activated: (1) a-C graphitization and (2) Ni grain growth and phase separation.

In the first process the a-C in the matrix (including the expelled carbon from the Ni~3~C decomposition) starts to graphitize into extended sp^2^-bonded regions ("nanocrystalline graphite"). Since direct, noncatalyzed a-C → graphitic carbon reactions are known to be negligible in the considered temperature region of 300--800 °C,^[@ref31]^ the observed isothermal graphitization during heating from 400 to 700 °C suggests catalytic involvement of the Ni(-C) filler particles. As carbon solubility in fcc Ni increases with temperature,^[@ref32]^ the observed graphitization is indicative of a dynamic Ni-bulk-mediated process in which carbon species from the a-C surroundings are taken up into the Ni(-C) particles upon increasing annealing temperature and subsequently nucleate as graphitic carbon while segregating from the Ni(-C) at temperature.^[@ref70],[@ref106]^ Our in situ Raman data ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) confirms that this Ni-catalyzed graphitization of the a-C matrix occurs upon heating and isothermal annealing. The reaction may be symbolized by

This resembles metal-induced-crystallization (MIC) phenomena in diverse materials systems such as metal--carbon,^[@ref73],[@ref107]^ metal--Si,^[@ref108]^ and metal--Ge.^[@ref109]^ It is also reminiscent of carbon nanotube and graphene growth from gaseous^[@ref88],[@ref110],[@ref111]^ and solid state carbon^[@ref72]−[@ref74]^ sources, where also Ni-bulk- or Ni-subsurface-mediated graphitization has been suggested as a major mechanism.^[@ref74],[@ref88],[@ref110],[@ref111]^ A significant difference from other MIC systems, however, is that in the present Ni--carbon nanocomposites the Ni-based crystallites are highly saturated with carbon *at all stages* of processing (including the as-deposited metastable Ni~3~C state) and MIC can quickly proceed when thermally activated without the requirement of further carbon take-up, while in other MIC systems typically major constituent dissolution has to precede the stages of supersaturation and crystallization onset.

Upon further increasing the annealing temperature in the range 400--800 °C, the resulting sp^2^-bonded graphitic regions increase in crystallite size forming nanocrystalline graphite with grain sizes of ∼60 nm. In contrast, in prior literature Ni has been shown to catalyze a-C to form high quality graphitic layers with micrometer lateral extents^[@ref72]^ and has even been demonstrated to produce high-quality monolayer graphene during heating at ∼600 °C when carbon feeding is kinetically controlled to suitably low levels.^[@ref74]^ To explain the comparably poor crystallite size of the graphitic material formed in our films, the kinetic aspects of the nanocomposite system evolution have to be considered: In the nanocomposite films examined here the overall carbon content is ∼70 atom %, which is significantly above the maximum carbon solubility in Ni *at all stages* of processing up to 800 °C (maximum carbon solubility in Ni at 800 °C is ∼0.5 atom %^[@ref32],[@ref80]^). Therefore, the Ni crystallites in our experiments are at all stages strongly overfed with carbon both from the already interstitially dissolved carbon and from the surrounding carbon matrix. The correspondingly high carbon arrival rates to the catalytically active Ni(-C) in turn impede formation of large area graphitic domains, as the graphite nucleation rates are too high and the resulting time scales are insufficient to heal out defects. Instead the high carbon content of the Ni(-C) particles throughout processing results in the observed nanocrystalline graphite formation in the carbon matrix. This situation is analogous to catalyst poisoning or coking mechanisms in classical heterogeneous catalysis.^[@ref112]^ We emphasize that this highly bulk supersaturated nature at all processing stages and the intrinsically high carbon arrival rates from the surroundings are hallmark features of the thermal evolution mechanism in such metal/carbon nanocomposites, which clearly separates this class of materials from other metal--carbon systems where carbon influx to the interface can be controlled at lower rates, such as in balanced heterogeneous catalysis reactions^[@ref112],[@ref113]^ or graphene^[@ref35]−[@ref42]^ and CNT^[@ref45]−[@ref59]^ growth from Ni catalysts.

The second process concurrent to a-C graphitization is grain growth in the Ni(-C) crystallites, which upon higher annealing temperatures destroys the fine nanometer-scale columnar grain structure of the nanocomposite films. Connected with the Ni(-C) grain growth, the Ni(-C) particles and nanocrystalline graphite regions phase separate into a coarse film morphology for annealing up to 800 °C. This is consistent with previous studies of such nanocomposite systems.^[@ref6],[@ref31]^ It is interesting to note that compared to the ex situ studied Co--C and Cu--C systems in ref ([@ref31]), where upon phase separation the metal layer formed on top of the carbon layer, we find in our experiments the formation of a nanocrystalline graphite layer roughly on top of a Ni layer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). As suggested above, Ni-bulk-mediated diffusion effects are highly important for higher temperature annealing in our nanocomposites. In fact, we suggest that carbon diffusion through the bulk of the Ni(-C) particles links the above-described graphitization mechanism with the Ni grain growth and Ni--carbon phase separation. The main reason for this link is the comparably negligible self-diffusivity of carbon in amorphous carbon^[@ref31]^ which results in the Ni particles being the primary pathway for any possible carbon rearrangement. Throughout this carbon rearrangement process the Ni particles, however, do not remain statically embedded in the mobile, graphitizing carbon matrix but instead undergo grain growth and become mobile themselves. Previous TEM studies of Ni nanocrystals on a-C films also support a strong link between increasing Ni crystal mobility/reshaping and a-C graphitization.^[@ref69],[@ref70]^ Thus, we identify dynamic uptake and loss of carbon from/into the carbon matrix as a major governing factor for Ni(-C) particle evolution, where again the very high carbon content at all stages of processing is a distinctive feature of metal--carbon nanocomposite thin film systems such as ours.

Upon natural cooling the film morphologies are largely preserved, even when cooling from high temperature. Despite a significant decrease in thermodynamically predicted carbon solubility (0.5 atom % at 800 °C to \<0.01 atom % at room temperature^[@ref32],[@ref80]^) in the Ni(-C) particles upon cooling, we find from in situ XPS and XRD only limited signs of actual carbon precipitation upon cooling and instead find that still significant amounts of carbon remain dissolved interstitially in the Ni crystallites even after cooling. The estimated carbon content from in situ XRD after cooling from 800 °C to room temperature was 0.19 ± 0.07 atom % in the Ni, which would correspond to the expected equilibrium carbon content in Ni for temperatures between 580 and 690 °C.^[@ref80]^ The process upon cooling may thus be described as

We suggest that two factors hinder extensive carbon precipitation out of the Ni at natural cooling rates in our experiments: First, the concentration-gradient-driven diffusion of carbon out of the Ni(-C) is small since outward carbon diffusion is directed toward the interface to a fully carbon saturated matrix (nanocrystalline graphite in matrix). This is a generic feature of two-phase nanocomposite thin films which show small but finite miscibility. Second, the diffusivity of carbon in Ni(-C) is comparatively slow in transporting significant carbon out of the Ni(-C) toward the Ni(-C)/nanocrystalline graphite interface for the cooling rates used here.^[@ref110],[@ref114]^ Upon reaching this interface, then the almost negligible self-diffusivity of carbon in a-C or graphite^[@ref31]^ hinders onward carbon transport, thus locking precipitated carbon at the Ni(-C) interface. Combined, these factors prohibit significant carbon precipitation from the Ni crystallites to the sample surface upon natural cooling, and thus allow nanocomposite structure engineering predominantly based on the selection of the heating rate and treatment temperature instead of technically more demanding cooling rate selection via, e.g., controlled quenching.

Overall, the structural and morphological nanocomposite evolution during annealing that is observed in situ here is consistent with recent ex situ work on Ni (carbide)/a-C films^[@ref28]^ and on Co (carbide)/a-C nanocomposites,^[@ref31]^ where similarly low temperature carbide disintegration and higher temperature graphitization and phase separation were inferred from ex situ measurements. This emphasizes the generic nature of our in situ findings. While the films studied here were deposited at nonequilibrium conditions at room temperature, we note that the here observed mechanisms are also relevant for nanocomposite sputter deposition at elevated temperatures (i.e., with intentional substrate heating), where nonequilibrium effects^[@ref22],[@ref31],[@ref97]^ from the deposition process and thermally induced processes are active in parallel. This conclusion is consistent with the previously reported properties of Ni--carbon nanocomposites that were sputter deposited at increasingly elevated deposition temperatures.^[@ref14],[@ref15],[@ref17]−[@ref21],[@ref26]^

Ni~3~C as a Possible Graphene/CNT Growth Catalyst {#sec4.2}
-------------------------------------------------

Beyond its application as a functional coating, metastable Ni~3~C has also been recently discussed as an intermediate catalyst phase in graphene^[@ref35]−[@ref44]^ synthesis via CVD and solid-state growth as well as in CNT CVD.^[@ref45]−[@ref60]^ To date, there is however a lack of in situ studies with Ni~3~C to directly elucidate the metastable carbide's role in graphene and CNT growth. Therefore, our findings here may also serve as a first approximate model system analogue for graphene and CNT growth from Ni~3~C catalysts.

Typical temperatures for CVD and solid state growth of graphene and CNTs range from 450 to 1000 °C. Thus, the fast decomposition of Ni~3~C observed here at temperatures as low as 300 °C suggests that it is unlikely that a crystalline bulk Ni~3~C carbide is involved in Ni-catalyzed graphitic nanostructure growth under typical graphene and CNT growth conditions, especially for typical growth temperatures above 300 °C and common holding/growth times in the range of minutes. Our in situ observations thereby experimentally reaffirm recent theoretical work that similarly suggests that crystalline bulk Ni~3~C is unlikely to directly partake in graphene formation because, as here, crystalline Ni~3~C was found to decompose already prior to extended growth of graphitic material.^[@ref39]^ In turn, our results suggest that, in the higher temperature range typically used (\>300 °C), it is not bulk Ni~3~C but rather Ni~3~C's decomposition product, a solid solution of carbon in fcc Ni (Ni(-C)), which is the active graphene and CNT growth catalyst phase. This is in excellent agreement with previous in situ studies on CVD^[@ref88],[@ref110],[@ref115]^ and solid state growth^[@ref74]^ of graphene from Ni catalysts that have excluded the formation of a structural Ni~3~C *bulk* carbide during graphene formation (while a monolayer thin Ni~2~C carbide surface reconstruction can partake under certain low temperature graphene growth conditions^[@ref91]^). Our observations here now suggest that, even when crystalline bulk Ni~3~C is the starting catalyst material in graphene or CNT growth, the facile thermal decomposition of bulk Ni~3~C toward Ni(-C) precedes the graphitization of carbon, thus resulting in Ni(-C) being the actual active catalyst bulk phase of graphene and CNT growth under typical conditions. Exceptions may include growth conditions with exceptionally high heating rates^[@ref37],[@ref41]^ or nonequilibrium conditions where, e.g., Ni precursors are continuously fed during the graphitic material growth.^[@ref59]^ This is in contrast to catalysts which are comparably stronger carbide formers (such as Fe) where thermodynamically stable carbide bulk phases can readily partake in carbon nanostructure growth.^[@ref76],[@ref78]^

Conclusions {#sec5}
===========

In summary, we employed complementary in situ characterization to identify key factors governing thermally induced phase transitions in metastable Ni~3~C/a-C nanocomposites. At low temperature (300 °C) isothermal decomposition of the Ni~3~C filler phase into fcc Ni(-C) and a-C occurs, where the released carbon further adds to the carbon matrix. The finely nanoscaled morphology of the composites remains however preserved at the low annealing temperature. In contrast, isothermal Ni-catalyzed graphitization of the amorphous carbon matrix and a linked bulk-diffusion-mediated phase separation into coarse Ni and nanocrystalline graphite grains sets in only at higher temperatures (400--800 °C). This shows that filler phase transformations and nanocomposite morphology modifications can be decoupled upon thermal postdeposition processing which is technologically advantageous. Precipitation of additional carbon from the Ni upon cooling was found to be minor for natural cooling rates. Our findings suggest that the high carbon content of the Ni filler crystallites at all stages of processing is the key property of such metal (carbide)/carbon nanocomposites that determines their thermal evolution. In the wider context of the recently much debated role of Ni~3~C as a graphene and CNT growth catalyst, the low stability of Ni~3~C directly observed here suggests that it is not bulk Ni~3~C but fcc Ni(-C) that is the active bulk catalyst phase under typical graphene/CNT growth conditions.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.6b01555](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b01555).Detailed experimental methods description; comments on estimation of temperatures and Ni~3~C phase definition/assignment; table of XPS BE assignments ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01555/suppl_file/jp6b01555_si_001.pdf))
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